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Abstract. We report the use of an open photoacoustic cell configuration
for the evaluation of thermal effusivity of liquid crystals. Initially, the
method is calibrated using water and glycerol as transparent liquid
samples, and the role of thermal conductivity of these liquids on the
photoacoustic signal amplitude is discussed. To demonstrate the appli-
cation of the present method for the evaluation of thermal effusivity of
liquid crystals, we have used certain multicomponent nematic liquid crys-
tal mixtures, namely BL001, BL002, BL032, and BL035. Each of these
liquid crystal mixtures contains four to nine components and are primarily
based on the cyanobiphenyl structure. The measured values of thermal
effusivity of BL001 and BL002 were found to be almost the same, but
differ from those of BL032 and BL035, which implies a difference in
composition of the latter two from the former two mixtures. © 2001 Society
of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1384884]

Subject terms: photoacoustic and photothermal science and engineering; nem-
atic liquid crystals; thermal effusivity.
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1 Introduction

In recent years considerable effort has been made in
theoretical and experimental study of the thermal proper
of liquid crystals. Their applications in a variety of field
such as displays, temperature sensors, etc., have stimu
vigorous research activities in this field, as can be s
from the abundance in recent literature on the subject1–5

Among the various mesophases of liquid crystals, the n
atic phase is the most extensively studied. The nem
phase is characterized by long range orientational or
where the molecules are aligned in a preferred direct
Also, in the nematic phase the centers of mass are
domly positioned, and the molecules are free to rotate ab
their long axes. It has been a clearly established fact
the thermal properties, such as the thermal conductivity
the nematic phase, are highly dependent on the alignm
and the structure of the molecules.6,7 Even though the ther
mal parameters and the critical behavior of heat trans
properties close to the phase transition regions have b
studied in detail, the physical mechanism of heat transp
in liquid crystals at points far away from the transition tem
perature has not been explained on a quantitative man
Among the various characterization methods, the ac ca
metric method is one of the most commonly used te
niques for the thermal characterization of liqu
crystals.8–11

In the past two decades the photoacoustic~PA! tech-
nique has become very popular for various measurem
of material properties. This method has also been app
for the thermal characterization of liquid crystals.12–16Very
recently, N. A. George et al. demonstrated the use of
open PA cell configuration for the thermal characterizat
of certain comb-shaped polymers.12 The principle of the PA
Opt. Eng. 40(7) 1343–1347 (July 2001) 0091-3286/2001/$15.00
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effect is based on the light-induced heat release and co
quent acoustic generation from a material when it is irra
ated with a modulated optical radiation. The dependenc
a PA signal on both the thermal and optical properties
the sample makes it a convenient method for the study
materials in different forms. The thermal effusivity, simila
to the thermal diffusivity, is a unique thermal transpo
property of a material. The thermal effusivity is defined
es5(krC)1/2 with dimension W s1/2 cm22 K21, wherek is
the thermal conductivity,r is the density, andC is the
specific heat capacity. Even though the thermal effusivity
an abstract thermal quantity and is a relevant thermoph
cal parameter for surface heating and cooling as well a
quenching processes, it is one of the least explored qua
ties in physics. Actually, the thermal effusivity is a measu
of the sample’s thermal impedance or its ability to e
change heat with the environment. The thermal effusiv
of liquid crystals has great importance when they are u
as temperature sensors or in temperature sensitive dev

We report the thermal effusivity of certain multicompo
nent cyanobiphenyl liquid crystal mixtures, namely BL00
BL002, BL032, and BL035. A simple open cell PA con
figuration is used for the investigations. Initially, th
method is calibrated using water and glycerol as the n
absorbing samples. Special emphasis given to selec
these liquid crystals for the present study is due to the w
nematic range of these materials, which enabled them
find potential applications in a variety of advanced fiel
such as display technology, and to the best of our kno
edge the present measurement is the first of its kind
liquid crystals.
1343© 2001 Society of Photo-Optical Instrumentation Engineers
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2 Theory

The cross-sectional view of the open photoacoustic c
~OPC! is shown in Fig. 1. The liquid crystal sample hold
is made of a nylon ring with a 75-mm-thick copper foil at
its bottom. When the sample holder is filled with a nona
sorbing liquid sample and is irradiated with a modulat
optical radiation, the copper foil absorbs the light and p
riodic heat is generated at the surface of the copper foi
contact with the liquid sample. The thermal diffusion equ
tions for the OPC configuration shown in Fig. 2 are17,18

]2Ts

]x2
5ss

2Ts

]2T0

]x2
5s0

2T02
bI 0

k0
d~x1 l 0! ~1!

and

]2Tg

]x2
5sg

2Tg ,

wheres i5(11 j )ai , with ai5(p f /a)1/2. Here the suffixi
denotes the liquid sample (i 5s), the copper foil (i 50),
and the air in the PA chamber (i 5g). Assuming that the
entire light is absorbed atx52 l 0 and solving Eq.~1! to-
gether with the boundary conditions of temperature a
heat flux continuity, one can arrive at the expression for
acoustic pressure in the OPC chamber as

dQ5
gP0bI 0

T0l gsgk0s0
S exp~ j vt !

b cosh~ l 0s0!1sinh~ l 0s0! D ~2!

Fig. 1 Cross-sectional view of the OPC: A5acrylic frame;
M5microphone; N5nylon ring; and C5copper foil.

Fig. 2 Schematic diagram of the geometry of the OPC for which the
calculations were made. The periodic heat is generated at x5 l0 .
For an empty sample holder, the liquid sample s is replaced with the
gas g.
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where

b5~ksss /k0s0!.

Now, if the copper foil is thermally thin (l 0s0!1), then
the PA signal produced by the transparent liquid copper
composite sample is given by

dQ15
gP0bI 0~agas!

1/2

2pT0l gks

exp@ j (vt2p/2!]

f
. ~3!

Equation~3! implies that the PA signal now varies asf 21

and is proportional to the ratio

Aas/ks5es
21,

the inverse of the thermal effusivity of the transparent l
uid.

On the other hand, if the sample holder is empty, i.e.,
a thermally thin copper foil alone, the pressure fluctuat
dQ2 is given by

dQ25
gP0bI 0ag

1/2a0

~2p!3/2T0l gl 0k0

exp@ j (vt23p/4)#

f 3/2
. ~4!

Thus according to Eq.~4!, the signal varies asf 23/2 and
depends on the ratioa0 /k0 . Using this as a reference sig
nal and from the ratio of Eqs.~3! and~4!, one can measure
the thermal effusivity of the liquid sample by measuring t
PA signals from the empty sample holder and the liqu
filled sample holder, provided the thickness, density, a
specific heat capacity of the absorbing layer~copper foil!
are known.

3 Experimental

The experimental setup used for the present investigatio
almost similar to the conventional PA setup.19 The only
difference is that instead of a closed PA cell, here we
an open cell fabricated on an acrylic sheet. This minim
volume cell has very high signal-to-noise ratio. For t
present investigations we have used a sample holder m
of a nylon ring with an inner diameter of 7 mm and thic
ness 3 mm, and its bottom is closed with a copper foil
thickness 75mm. The liquid crystal is filled up to half of
the holder, and the entire sample holder is kept over
microphone, leaving a small volume of air in-between t
two. Modulated optical radiation at 488 nm from an arg
ion laser ~Liconix 5000 series! is used to illuminate the
copper substrate. The laser power is kept constant at
mW with a stability of60.005 mW/h. The periodic pres
sure variation produced in the chamber is detected usin
highly sensitive miniature electric microphone~Knowles
BT 1834!. The output is processed using a lock-in-amplifi
~Stanford Research Systems SR 510!. The PA signal am-
plitude is recorded as a function of modulation frequen
of the laser beam for both the empty sample holder and
one filled with the liquid~liquid crystal! samples. The mea
surements were carried out at 27°C in the nematic phas
the samples and in the absence of any external magnet
electric fields.

Even though these liquid crystals are optically nona
sorbers at 488 nm, scattering loss is an important facto
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be taken into account. The same sample holder is use
measure the transmitted intensity at 488 nm. For this p
pose the copper foil is replaced by a glass plate~1.5 mm
thick! and its surface facing the PA cell cavity is coate
with carbon black thin film. For an empty sample holder
linear dependence of the PA signal amplitude with the
cident light intensity is observed. Then the sample holde
filled with the liquid crystal and the photoacoustic signal
a constant incident light intensity is recorded. From th
value we accurately estimated the percentage transmitta
of each of the samples. For the same sample thicknes
used for the thermal effusivity measurements~1.5 mm!, the
optical transmittance~at 488 nm! are 67, 66, 64, and 65%
respectively, for BL001, BL002, BL032, and BL035
Though the nematics form a different domain size wh
they are in contact with copper and glass, slight change
the measured transmittance values are found to result
small change in the thermal effusivity values.

Fig. 3 The OPC signal amplitude as a function of the modulation
frequency for: (a) glycerol-copper system and (b) water-copper sys-
tem.
o

e
s

a

4 Results and Discussion

Initially, the experimental setup was calibrated using wa
and glycerol, the thermal properties of which are w
known. The PA signal produced by the empty samp
holder and that obtained after filling it with transparent li
uids are measured as a function of the modulation f
quency. The observed PA signal variation with frequen
from the copper foil is in perfect accordance with th
Rosencwaig-Gersho theoretical model. This implies t
the frequency of mechanical resonance of the copper m
brane does not fall in the frequency range of our investig
tions. Typical variation of the PA signal amplitude for th
glycerol-copper and water-copper systems are shown
Figs. 3~a! and 3~b!. It is worthwhile to note that the ampli-
tude of the signal produced by the empty sample hol
~copper foil alone! is greater than that from the coppe
liquid composite sample. This indicates that the liquid a
as a heat sink, or a part of the thermal energy generate
the liquid-copper interface is absorbed by the liquid due
the finite thermal conductivity of the liquid. A compariso
of Figs. 3~a! and 3~b! is sufficient to confirm this. The
thermal conductivity values of water, glycerol, and air a
0.591, 0.270, and 0.0241 W m21 K21, respectively. Water,
being a liquid with higher thermal conductivity than glyc
erol, produces a lesser signal compared to the latter. Fig
4 shows the logf1/2 versus logR plot, wheref is the chop-
ping frequency andR is the ratio of the PA signal produce
by the sample holder filled with liquid samples to that of a
empty one. From a straight line fit to the ratio of the tw
signal amplitudes, the thermal effusivities were calcula
using Eqs.~3! and ~4!. The observed values of therma
effusivities of water and glycerol are 0.155~60.002! and
0.094~60.001! W s1/2cm22 K21. These values agree we
with the literature values 0.158 and 0.093 W s1/2cm22 K21,
respectively, for water and glycerol.20 We have usedl 0

575 mm, r058.96 g cm23, and C050.385 J g21 K21 as
the thickness, density, and the specific heat capacity,
spectively, of the copper foil.20

Fig. 4 Logarithmic plot connecting the square root of frequency f
and the amplitude ratio R for water and glycerol with the reference
sample (Cu foil). The solid circle is for glycerol and the solid triangle
is for water.
1345Optical Engineering, Vol. 40 No. 7, July 2001
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The nematic liquid crystal mixtures BL001, BL002
BL032, and BL035 were obtained from Merck Inc., UK
and were used without further purification. All these co
pounds are multicomponent liquid crystal mixtures, whi
exist in the nematic phase at room temperature. The n
atic to isotropic transition temperatures of BL001, BL00
BL032, and BL035 are at161, 172, 187, and196°C,
respectively, and the nematic to smectic transition temp
tures of all the compounds are below220°C.21

Figures 5~a! and 5~b! show the logf1/2 versus log R plots
of the liquid crystals BL001, BL002, BL032, and BL035
The straight lines represent best linear fit to the experim
tal data. The estimated values of thermal effusivities
summarized in Table 1. In terms of the liquid crystal m
lecular orientation, the nematic phase has the translati
symmetry of a fluid, but a broken rotational symmetry ch
acterized by long-range orientational order produced by
alignment of their long molecular axes along the direct
In the nematic phase, however, the centers of mass of
molecules are still randomly distributed. Therefore, in t
absence of any external magnetic or electric fields to a
the molecules in any preferred direction, the measured
ues of thermal effusivity will be the mean value of th

Fig. 5 Logarithmic plot connecting the square root of frequency f
and the amplitude ratio R for: (a) BL001 and BL002 with the refer-
ence sample (Cu foil), the solid triangle is for BL001 and the solid
circle is for BL002, and (b) for BL032 and BL035 with the reference
sample (Cu foil), the solid triangle is for BL032 and the solid circle is
for BL035.
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quantity contributed by the average thermal conductiv
given by

^k&5 1
3 ~kx12ky! ~5!

wherekx andky are the thermal conductivities parallel an
perpendicular, respectively, to the director in orient
samples.22 As the heat capacity or thermal conductivi
data of these liquid crystals are not available in the lite
ture, a comparison of the present data is rather difficult.
the measured values of the thermal effusivity fall in t
range of several other liquid crystals~calculated from the
heat capacity and the thermal conductivity data! in the
nematic phase.2,13,15,16 Also, the experimental calibration
using water and glycerol ensures high accuracy for
present method.

Another important observation to be pointed out is th
the thermal effusivity of Bl001 and BL002 are almost th
same but differ from those of BL032 and BL035. This o
viously suggests a different molecular composition for t
first two liquid crystal mixtures compared to the other tw
mixtures. However, being a patented commercial prod
from Merck, the structural or compositional details of a
of these mixtures are not known for an elaborate analysi
the results.

5 Conclusion

In conclusion, we have successfully implemented an o
cell PA configuration to study the thermal effusivity of ce
tain liquid crystal mixtures in their nematic phase. Besid
the interest in its value, the importance of thermal effusiv
as a physical quantity is due to the fact that it is a uniq
thermal parameter for each material. Knowledge of its
solute value leads us to the evaluation of thermal cond
tivity or specific heat capacity, if any one of these a
known, density being an easily measurable quantity. T
present method is very simple and less time consum
and its high accuracy may render it as a valuable tool
the thermal characterization of liquid crystals. A combin
tion of the present method with the earlier reported conv
tional PA configurations could be used for a complete th
mal characterization of liquid crystals and nonabsorb
liquids.
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Table 1 Thermal effusivity in the nematic phase (at 27°C) of the
liquid crystal mixtures

Liquid crystal mixture Thermal effusivity in W s1/2 cm22 K21

BL001 0.0625 (60.0014)

BL002 0.0622 (60.0013)

BL032 0.0571 (60.0012)

BL035 0.0569 (60.0012)



i-
nte

c
port

al
v-

se

c
ase

tive
al

’’

ity

on
y-

tic-
.

pe-
bi-

ge,
ffu-

’

el-
at
s-

cal
o-

riza

ge,
tion

fect

S.
stic
ty,’’

all-
6G

George et al.: Open-cell photoacoustic
References
1. J. Ilnytskyi, S. Sokolowski, and O. Pizio, ‘‘Nematic-isotropic trans

tion in a lattice model with quenched disordered impurities: a mo
carlo study,’’Phys. Rev. E59~4!, 4161–4168~1999!.

2. F. Mercuri, U. Zammit, and M. Marinelli, ‘‘Effect of the nemati
range on the critical behavior and anisotropy of the heat trans
parameters at the smecticA-nematic phase transition,’’Phys. Rev. E
57~1!, 596–602~1998!.

3. H. Yao, T. Chan, and C. W. Garland, ‘‘smecticC-smecticI critic
point in a liquid crystal mixture: Static and dynamic thermal beha
ior,’’ Phys. Rev. E51~5!, 4585–4597~1995!.

4. R. Seidin, R. M. Hornreich, and D. W. Allender, ‘‘Surface pha
transitions in nematic liquid crystals with planar anchoring,’’Phys.
Rev. E55~4!, 4302–4313~1997!.

5. M. Marinelli, F. Mercuri, U. Zammit, and F. Scudieri, ‘‘Dynami
critical behavior of thermal parameters at the smecticA-nematic ph
transition of octyloxythiolbenzoate,’’Phys. Rev. E53~1!, 701–705
~1996!.

6. A. Mandelis, E. Schoubs, S. B. Paralta, and J. Thoen, ‘‘Quantita
photoacoustic depth profilometry of magnetic field induced therm
diffusivity inhomogeneity in the liquid crystal octylcyanobiphenyl,
J. Appl. Phys.70, 1771~1991!.

7. P. G. deGennes,The Physics of Liquid Crystals,Clarendon, Oxford
~1974!.

8. J. D. LeGrange and J. M. Mochel, ‘‘High resolution heat capac
studies near the nematic-smecticA transition,’’Phys. Rev. A23~6!,
3215–3223~1981!.

9. C. W. Garland, G. B. Kasting, and K. J. Lushington, ‘‘High resoluti
calorimetric study of the nematic-smecticA transition in octyloxyc
anobiphenyl,’’Phys. Rev. Lett.43~19!, 1420–1423~1979!.

10. J. M. Viner and C. C. Huang, ‘‘A specific heat study of the nema
smecticA transition in octyloxycyanobiphenyl,’’Solid State Commun
39, 789–791~1981!.

11. D. L. Johnson, C. F. Hayes, R. J. deHoff, and C. A. Schantz, ‘‘S
cific heat near the nematic-smecticA transition of octyloxycyano
phenyl,’’ Phys. Rev. B18~9!, 4902–4911~1978!.

12. N. A. George, C. P. G. Vallabhan, V. P. N. Nampoori, A. K. Geor
and P. Radhakrishnan, ‘‘Photoacoustic evaluation of the thermal e
sivity in the isotropic phase of certain comb-shaped polymers,’J.
Phys.: Condens. Matter13, 365–371~2001!.

13. U. Zammit, M. Marinelli, R. Pizzoferrato, F. Scudieri, and S. Mart
lucci, ‘‘Thermal conductivity, diffusivity, and heat capacity studies
the smecticA-nematic transition in alkylcyanobiphenyl liquid cry
tals,’’ Phys. Rev. A41~2!, 1153–1155~1990!.

14. G. Puccetti and R. M. Leblanc, ‘‘Influence of thermal and opti
properties on the visibility of liquid crystal phase transitions in ph
toacoustic spectroscopy,’’J. Chem. Phys.108~17!, 7258–7265
~1998!.

15. C. Glorieux, E. Schoubs, and J. Thoen, ‘‘Photoacoustic characte
tion of liquid crystal phase transition,’’Mater. Sci. Eng., A122,
87–91~1989!.

16. N. A. George, C. P. G. Vallabhan, V. P. N. Nampoori, A. K. Geor
and P. Radhakrishnan, ‘‘Use of photoacoustic effect for the detec
of phase transitions in liquid crystal mixtures,’’J. Phys. D33, 3228–
3232 ~2000!.

17. A. Rosencwaig and A. Gersho, ‘‘Theory of the photoacoustic ef
with solids,’’ J. Appl. Phys.47~1!, 64–69~1976!.

18. J. A. B. Lopez, D. A. Avalos, J. J. Alvarado, O. Z. Angel, F.
Sinencio, C. Falcony, A. C. Orea, and H. Vargas, ‘‘Photoacou
measurements of transparent liquid samples: thermal effusivi
Meas. Sci. Technol.6, 1163–1168~1995!.

19. N. A. George, B. Aneeshkumar, P. Radhakrishnan, and C. P. G. V
abhan, ‘‘Photoacoustic study on photobleaching of rhodamine
doped in polymethyl methacrylate,’’J. Phys. D 32, 1745–1749
~1999!.

20. CRC Handbook of Chemistry and Physics,CRC Press, Boca Raton
~1999!.

21. Liquid crystal data sheet,Merck Inc., UK ~1995!.
22. P. G. deGennes,The Physics of Liquid Crystals,Clarendon, Oxford

~1974!.

Nibu A. George has received his MSc de-
gree in physics with a specialization in la-
ser physics from Pondicherry Central Uni-
versity, India, in 1997. He is currently a
senior research fellow working toward his
PhD degree at the International School of
Photonics, Cochin University of Science
and Technology, India. His research inter-
est include optothermal effects in liquid
crystals, semiconductors, organic dyes,
polymers, ceramics, etc.
-

C. P. G. Vallabhan received his MSc and
PhD degrees in 1965 and 1971, respec-
tively, from Kerala University and did post-
doctoral research at Southampton Univer-
sity in the United Kingdom. He was also a
visiting professor at Franhaufer Institute,
Freiberg, Germany and Eindhovan Univer-
sity of Technology, The Netherlands. He is
currently a professor at the International
School of Photonics, Cochin University of
Science and Technology. His research in-

terests include lasers, laser matter interactions, optoelectronics, and
molecular and solid state physics. He has published more than 200
research articles in these areas. He is a fellow of the Optical Society
of India, President of Photonics Society of India, and Vice President
of the Indian Laser Association.

V. P. N. Nampoori received his MSc and
PhD degrees from M. S. University,
Baroda, in 1974 and 1978, respectively. He
is currently a professor at the International
School of Photonics, Cochin University of
Science and Technology. His research in-
terests include thermal lens spectroscopy,
fluorescence spectroscopy, nonlinear op-
tics, fiber optics, and laser produced
plasma. He is the author or coauthor of
more than 200 research articles.

A. K. George received his MSc and PhD
degrees in physics from M. S. University of
Baroda, India. He has since worked at
Chelsea College, University of London,
and Bayero University, Nigeria. He is cur-
rently an associate professor of physics at
Sultan Qaboos University, Muscat, Sultan-
ate of Oman. His present research interest
is in the characterization of liquid crystals.

P. Radhakrishnan received his MSc de-
gree in physics from Kerala University in
1977, and PhD degree from Cochin Uni-
versity of Science and Technology in 1986.
He has been a lecturer at the Cochin Col-
lege from 1979 to 1988. Presently he is a
professor at the International School of
Photonics, Cochin University of Science
and Technology. His research interests in-
clude laser technology, laser spectroscopy,
and fiber optic sensors. He is a member of

the executive committee of the Photonics Society of India.
1347Optical Engineering, Vol. 40 No. 7, July 2001


